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A B S T R A C T
Cerium doped Gd3Ga3Al2O12 (GGAG) single crystals as well as GGAG:Ce single crystals co-doped by divalent
(Mg2+, Ca2+), trivalent (Sc3+) or tetravalent (Zr4+, Ti4+) ions have been studied by means of the excitation
luminescence spectroscopy in vacuum ultraviolet spectral range. Synchrotron radiation from the undulator beam
was utilized for the luminescence excitation in the energy range from 4.5 to 800 eV. The influence of the co-
dopant ions on the excitonic transitions as well as on the intrinsic defects in GGAG was revealed examining the
luminescence emission and excitation spectra of both Gd3+ and Ce3+ ions in all single crystals studied. Special
attention was paid to the analysis of Ce3+ excitation spectra in VUV spectral range (4.5–45 eV) where multi-
plication of electronic excitation (MEE) processes occur. It was obtained that GGAG:Ce single crystals having
different co-dopant ions reveal distinguished efficiency of MEE. The role of intrinsic defects in MEE processes in
the co-doped GGAG:Ce single crystals was elucidated.
Introduction
Cerium doped Gallium Gadolinium Aluminum Garnet
(Gd3Ga3Al2O12:Ce or GGAG:Ce) nowadays is one of the most popular
scintillation material. GGAG:Ce demonstrates excellent light output of
scintillations (58,000 photons/MeV) [1] and, therefore, it is considered
to be as one of the most prospective scintillators in high energy physics
[1–3] as well as in medical applications [1,4]. The GGAG:Ce compound
was patented in 2006 by Kanai et al. [5], however, the first GGAG:Ce
single crystal was grown only in 2011 by the Czochralski method [6].
Later on GGAG:Ce single crystals were also successfully grown by the
same authors using micropulling down method [7]. Despite of many
excellent scintillating properties of the GGAG:Ce such as a high light
output, high density (6.63 g/cm3) and fast decay time (90 ns) [8–10]
the practical application is limited due to a relatively long afterglow of
Ce3+ emission in this single crystal. The existence of slow decay com-
ponents of Ce3+ emission in GGAG can be explained by the inter-
mediate localization of the charge carriers at shallow traps during en-
ergy transfers to the Ce3+ emission centers. In order to suppress the
slow components of Ce3+ emission decay it was suggested to co-dope
the GAGG:Ce single crystals by divalent ions [9,11,12]. The most pro-
nounced effect was achieved for the crystals co-doped with Mg2+ or
Ca2+ ions [13]. It was supposed that the co-doping by divalent ions
allows to change the valence of cerium ions from 3+ to 4+ and ac-
celerates the energy transfer processes to emission centers in garnets
[11,14,15]. However, the co-doping of the GGAG:Ce crystals by diva-
lent ions significantly suppresses the scintillation light yield presumably
due to the shift of 5d levels of Ce3+ towards the bottom of the con-
duction band as well as because of the appearance of the deep traps
induced by the co-dopant ions. Therefore, in order to identify the in-
fluence of co-dopant ions on the luminescence properties of GGAG:Ce
single crystals it is necessary to tune excitation energy from the energy
which corresponds to the direct excitation of Ce3+ ion to excitonic and
band-to-band transitions energies. GGAG compound belongs to the
class of wide band gap materials having the forbidden gap about 6 eV.
This energy and higher refers to the vacuum ultraviolet (VUV) spectral
range. The most suitable excitation source in VUV range is synchrotron
radiation, which was successfully utilized for the VUV excitation
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spectroscopy of wide band gap materials [16–19] and semiconductors
[20–22].
A tuneability of synchrotron radiation allows to excite samples by
high-energy photons, which corresponds to the energy of hot charge
carriers as well as to the energy when multiplication of electronic ex-
citation processes take place. The thermalization processes of electrons
and holes as well as the multiplications of electronic excitations are
extremely important for the elucidating of energy transfer processes in
scintillators. The influence of co-dopant ions in GGAG:Ce on the ther-
malization and multiplication processes has not been studied so far. In
the current paper we report pioneering results of VUV luminescence
spectroscopy under synchrotron radiation excitations of co-doped
GGAG:Ce single crystals. The origin of the modification of energy
transfer efficiency to the emission center in the co-doped GGAG:Ce
single crystals is discussed in the paper. Furthermore, the changes of the
energy bands structure in the excitonic region as well as the excitation
bands due to defects induced by co-dopant ions are demonstrated.
Experimental
Cerium doped GGAG as well as co-doped by several different ele-
ments (Mg2+, Ca2+, Sc3+, Zr4+, Mg2++Ti4+) single crystals were
grown by Czochralski method in OJSC “Fomos-Materials” (Moscow,
Russia). The details of crystals’ growth of doped and co-doped GGAG
single crystals have been reported in Ref. [23]. The cerium concentra-
tion was 3 at.% in all crystals studied. The concentrations of the co-
dopants in the GGAG:Ce single crystals were following: 350 ppm
(Mg2+), 150 ppm (Ca2+), 100 ppm (Zr4+) and 80 ppm + 30 ppm
(Mg2+ + Ti4+). The scandium containing crystal was grown according
to the chemical composition Gd(3−x)CexAl1,5Sc1Ga2,5O12. The crystals
have been cut in small thin plates and polished for optical experiments.
Nominally pure GGAG single crystal was also measured for comparison.
The main characterization method utilized in current study is a
luminescence spectroscopy under synchrotron radiation excitation.
These experiments have been carried out on the photoluminescence
endstation [24] of the FinEstBeAMS undulator beamline [25], which
was recently constructed and developed at 1.5 GeV storage ring of MAX
IV synchrotron facility (Lund, Sweden). The excitation energy range
was 4.5–800 eV, while temperature was varied from 10 to 300 K. The
excitation spectra were normalized utilizing the calibration curve ob-
tained by means of AXUV-100G diode. In order to suppress high orders
of excitation at the FinEstBeAMS beamline a set of the filters (fused
silica, MgF2, In, Sn, Mg and Al) has been chosen, which is covering the
excitation spectral range in question. Luminescence detection in UV–-
visible spectral range (200–800 nm) was performed by an Andor
Shamrock (SR-303i) 0.3 m spectrometer equipped with two gratings
(300 l/mm) optimized for different spectral regions (300 and 500 nm
blaze, respectively). The Andor Shamrock spectrometer was equipped
with two easily replaceable photomultipliers (H8259 and H8259-01
Hamamatsu photon counting heads) covering the spectral range from
185 to 900 nm. The emission spectra were corrected for the spectral
sensitivity of the detection system.
In order to identify Ce3+ and Ce4+ content in the crystals, X-ray
absorption experiments were carried out on the BALDER beamline at
3.0 GeV storage ring of MAX IV Laboratory [26]. The XANES spectra
were measured in fluorescence detection mode by a 7-element silicon
drift detector. Continuous energy scanning was performed at a speed
~5 s/XANES. For each sample, 25 repeats were examined for possible
radiation damage and afterwards accumulated into a resulting spec-
trum. The reference CeO2 sample was measured in transmission mode
in order to avoid self-absorption distortion in such a concentrated
sample (this effect is absent in the low-concentrated GGAG crystals).
Results and discussion
The Fig. 1 depicts the comparison of the emission spectra for the set
of co-doped GGAG:Ce single crystals at low temperature under deep
VUV (45 eV) excitation. Each emission spectrum reveals a sharp line at
317 nm and a broad band in the green-yellow spectral range. The
317 nm emission results from 6P7/2 → 8SJ radiative transition of Gd3+
ion, whereas the broad band is due to 5d-4f transition in Ce3+. We have
not compared a light output of the crystals; therefore, the spectra are
normalized at the maximum intensity of the Ce3+ emission bands. It is
clearly seen (Fig. 1) that Ce3+ emission bands are influenced by some of
the co-dopants. Ca2+ and Sc3+ impurities induce the most noticeable
changes shifting the Ce3+ emission spectra towards the low energy side
compared to the corresponding spectrum in GGAG:Ce crystal (black
line). On the other hand, the Ce3+ emission spectrum of the Mg2+ co-
doped crystal is practically the same as in the non-co-doped crystal. The
reason of the observed changes in the emission spectra can be con-
nected with the perturbation of the crystal field by co-dopant ions af-
fecting 5d levels of Ce3+. The ionic radii of Ca2+ is 1.04 Å and it is the
biggest among the co-dopant ions (Sc3+, Zr4+ have 0.83 and 0.82 Å,
respectively) [27], whereas the Mg2+ has the smallest one (0.74 Å) and
does not noticeably perturb the energy levels of Ce3+ [28]. It means
that there is a correlation of the ionic radii of the co-dopant ions and the
perturbation of the crystal field leading to the shifts of the Ce3+
emission bands. In fact, the introducing of the co-dopant into the melt
can slightly change Al/Ga ratio in the final crystal. Indeed, manip-
ulating the Al/Ga ratio in GGAG:Ce one can tune the band gap of this
compound as well as change the Ce3+ levels in the forbidden gap [29].
The red shift of the Ce3+ emission spectra occurs if the ratio of the Al/
Ga increases [30]. Therefore, the observed red shift in the emission
spectra (Fig. 1) can be explained by the slight influence of the Ca2+,
Sc3+ and Zr4+ co-dopants on the stoichiometry in the corresponding
crystals.
Low temperature experiments allow us to detect also Gd3+ lines,
which are completely quenched at room temperature [31]. It is clearly
seen that the intensity ratio of the Ce3+/Gd3+ emissions is different for
the crystals having different co-dopants content. If one considers Gd3+
and Ce3+ emissions as two competing radiative relaxation channels,
Fig. 1 preliminary demonstrates the influence of the co-dopants on the
energy transfer processes from host lattice to Ce3+ in GGAG crystals.
For instance, taking into account that the cerium concentration was the
same in all crystals studied, one would tentatively suggest that the Ca2+
co-doped crystal has the lowest efficiency of energy transfer to Ce3+
center among all co-doped crystals because it has the smallest Ce3+/
Gd3+ ratio of the corresponding emission intensities.
To highlight the energy transfer processes in details the excitation
spectra of both Ce3+ and Gd3+ have been measured in wide spectral
range for all crystals studied. The GGAG:Ce crystals studied do not show
Fig. 1. The luminescence spectra of the GGAG:Ce as well as of the GGAG:Ce co-
doped single crystals under 45 eV excitation at 10 K. The spectra are normalized
at maximum intensity of Ce3+ emission band.
A.P. Kozlova, et al. Results in Physics 16 (2020) 103002
2
any intrinsic emissions related to self-trapped or bound excitons even at
low temperature. Furthermore, the luminescence of intrinsic (antisite)
defects is typical for garnet crystals like YAG [32,33] or LuAG [34].
However, we have not detected any intrinsic luminescence even in the
nominally pure GGAG crystals. Therefore, Gd3+ emission is the only
competitive radiative relaxation channel in the crystals studied. The
excitation spectrum of the Gd3+ (317 nm) of the nominally pure GGAG
single crystal is shown in Fig. 2. The spectrum reveals a well-resolved
excitonic peak at 6.15 eV with subsequent intensity drop down to
70–75% comparing to the intensity of the excitonic peak. The fine
structure can be resolved on the excitonic peak’s background (Fig. 2
inset). This fine structure is due to 8S7/2→ 6GJ transitions in Gd3+ ions
and it can be observed later on in all GGAG crystals excepting the Sc3+
doped sample.
The comparison of the excitation spectra of Gd3+ luminescence
(317 nm) in the low energy (excitonic) range is demonstrated in Fig. 3
for all GGAG:Ce single crystals studied. All spectra are normalized at
the maximum intensity. Considering these excitation spectra (Fig. 3)
one can see that excitonic peak position is sample dependent. The main
excitonic peaks for both GGAG:Ce and Ca2+ co-doped crystals are
almost the same peaking at 6.1 eV. The excitonic peak of the Zr4+ co-
doped crystal is insignificantly shifted towards to the high-energy side,
peaking at 6.12 eV. The blue shifts of the excitonic peaks are more
pronounced in the excitation spectra of Mg2+ and Mg + Ti co-doped
crystals. These excitonic peaks are observed at 6.16 eV and 6.14 eV,
respectively. However, the most evident changes are observed in the
excitation spectrum of the Sc3+ co-doped crystal. Indeed, the excitonic
peak is strongly redshifted (6.0 eV) for this crystal. Furthermore, there
is a distinguished shape of the excitation spectrum for the Sc3+ co-
doped crystal at energies higher than the excitonic peak’s position, i.e.
there is an intensive excitation upsurge starting from 6.1 eV with sub-
sequent intensity degradation at energy higher than 6.3 eV. All other
excitation spectra in Fig. 3 (except the spectrum for the Sc3+ co-doped
crystal) demonstrate intensity decline at energies exceeding the ex-
citonic peak position. From this point of view, these spectra are similar
to the excitation spectrum of the nominally pure GGAG (Fig. 2).
However, the intensity’s drop in the cerium doped crystals is much
stronger than it was observed in the nominally pure crystal (Fig. 2). For
example, the intensity of the signal at 6.3 eV in the GAGG:Ce is only
about 25–30% from the intensity of the corresponding excitonic peak,
whereas this value was 70–75% in the nominally pure GGAG crystal
(Fig. 2). The strong intensity decrease in the excitation spectra of the
Gd3+ emission in the cerium doped crystals at energies exceeding ex-
citonic energy can be explained by an efficient energy transfer from
host lattice to Ce3+ ions. On the other hand, the energy transfer is af-
fected by co-doping impurities because the shapes of the excitation
spectra of Gd3+ emission are different for co-doped crystals in the
6.3–7.5 eV spectral range.
The excitation spectra of Ce3+ emission are shown in Fig. 4 for all
crystals studied. These spectra in the excitonic range are similar to the
corresponding excitation spectra of Gd3+ emission (Fig. 3). Indeed, the
spectrum of Mg2+ co-doped crystal is most blue shifted among others
Ce3+ excitation spectra, while Sc3+ doped crystal reveals a relatively
strong red shift of the excitonic band. The co-doping by other co-do-
pants also leads to small deviation of the excitonic band from the po-
sition of that one in the non-co-doped crystals. Analyzing the excitation
spectra of both emissions (Gd3+ and Ce3+) in the spectral range close to
the excitonic transitions we can suggest that co-doped ions slightly
modify the stoichiometry of the crystals. In fact, by introducing a co-
dopant ion into the GGAG lattice and substituting ions in the lattice one
can slightly change Ga/Al ration as well as the content of Gd3+ in the
Fig. 2. The excitation spectrum of the Gd3+ in the undoped GGAG single
crystal monitoring the emission at 317 nm (6P7/2→ 8S7/2) at 10 K. The dashed
area is shown in details inset.
Fig. 3. The excitation spectra of the Gd3+ in the GGAG:Ce single crystals
monitoring the emission at 317 nm (6P7/2 → 8S7/2) at 10 K.
Fig. 4. The excitation spectra of Ce3+ emission (530 nm) in the GGAG:Ce
crystals at 10 K. The lines of the corresponding colors are needed for better
visualization of the excitonic bands as well as the fine structures due to Gd3+
transitions.
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lattice. Both of these factors influence an electronic structure of the
GGAG changing band gap based on the concept of the band gap en-
gineering in garnets [29,30,35]. The most evident excitonic peak’s shift
is observed in the spectrum of Sc3+ doped crystal. There is the highest
co-dopant concentration leading to the strongest band gap modification
in this crystal among all samples studied.
Next, we are focusing on the low energy part of the excitation
spectra in Fig. 4. Each excitation spectrum contains the wide excitation
band at energies below excitonic transitions (4.5–6.0 eV range). On the
other hand, based on the literature data [13], the absorption band
caused by Ce4+ center in GGAG is located in this spectral range too.
This absorption band results due to electron transfer from the valence
band to the ground state of Ce4+ forming Ce3+ in ground state. It
means that a direct excitation in Ce4+ absorption band does not lead to
Ce3+ emission. Thus, Ce4+ ion and a center responsible for the ex-
citation band in 4.5–6.0 eV range (Fig. 4) compete to each other and the
crystals with a higher Ce4+ concentration should have a lower intensity
of the excitation band in 4.5–6.0 eV range. It would be reasonable to
expect that the crystal co-doped by divalent ions should have the
highest Ce4+ concentration because such center can easy compensate a
lack of positive charge when a divalent ion substitutes a trivalent one.
However, Fig. 4 demonstrates that the intensity of the low-energy ex-
citation band randomly depends on the crystals co-doping. For instance,
the intensity of the excitation band peaking at about 5.3 eV is higher in
the excitation spectrum of the Sc3+ co-doped crystal if to compare with
the corresponding band in the non-co-doped crystal. Taking into ac-
count that Sc3+ substitutes a trivalent ion in GGAG lattice the sup-
pression of Ce4+ in scandium doped GGAG crystal looks strange. Fur-
thermore, the substitution of trivalent ion by Zr4+ induces one extra
positive charge into the crystal lattice. It means that any conditions for
the creation of Ce4+ centers in Zr4+ co-doped crystal should be
eliminated and it was expected that the intensity of the 5.3 eV excita-
tion band should be the highest one among all GGAG crystals studied.
Instead, we observed that the intensity of the 5.3 eV excitation band for
the Zr4+ co-doped crystal is quite similar with the intensity of the
corresponding band in the Ca2+ co-doped sample where Ce4+ centers
are supposed to be dominant charge compensators. Finally yet im-
portantly, the intensity of the excitation band at 5.3 eV is the smallest
for the Mg2+ containing samples. The co-doping by Mg2+ should effi-
ciently generate Ce4+ as Ca2+ can do it [14]. However, the intensity of
the excitation band at 5.3 eV is three times less in the Mg2+ co-doped
crystal than in the Ca2+ co-doped one. Furthermore, the GGAG:Ce
single crystal co-doped by Mg + Ti ions has almost the same excitation
spectrum as the Mg2+ co-doped single crystal has. It would be rea-
sonably suggested that Ti4+ compensates the lack of the positive charge
induced by Mg2+ ion. In this case the charge state of cerium ions re-
mains unchanged, i.e. as Ce3+. If the co-dopant ions can manipulate the
charge state of cerium ion the intensity of this excitation band should be
sensitive in respect of the existence of Ti4+ ions in the Mg2+ co-doped
GGAG:Ce single crystals.
In order to identify Ce4+ centers in the Mg2+ and Ca2+ co-doped
GGAG crystals the cerium LIII-edge XANES spectra have been measured
at room temperature and the results are depicted in Fig. 5. The main
peak (A) is well-known XANES peak of Ce3+ ion [36] is seen in all
GGAG:Ce crystals measured, whereas the reference sample (CeO2) re-
veals two bands (B and C) which are responsible for Ce4+ ion [13,37].
Comparing the XANES data for the GGAG crystals and the CeO2 re-
ference sample one can conclude that Mg2+ co-doped GGAG crystal has
some amount of Ce4+ ions. Indeed, the XANES spectrum of this crystal
clearly contains the band C of Ce4+ ion, whereas the intensive peak of
Ce3+ most likely covers another component (band B) of the Ce4+. The
existence of the Ce4+ ion in GGAG:Ce co-doped single crystal to our
knowledge is a new result. So far it was not strongly established that
Mg2+ co-doping of GGAG:Ce single crystals leads to the formation of
Ce4+ ions in GGAG:Ce [38] as well as in other cerium doped scintil-
lators [39]. In contrast to the Mg2+ co-doped crystal, the XANES
spectrum of the Ca2+ co-doped crystal practically does not demonstrate
any signal due to Ce4+ in Fig. 5. Only some traces of the band C can be
tentatively resolved. One of the reasons in our opinion could be a low
Ca2+ concentration in the corresponding crystal. Furthermore, the
XANES results obtained (Fig. 5) correlate with the intensity of the
5.3 eV excitation band (Fig. 4) for the Mg2+ and Ca2+ co-doped crystals
supporting the conclusion that the concentration of Ce4+ centers is
higher in those crystals which reveal smaller intensity of the 5.3 eV
excitation band. We suggest that this excitation band is due to some
intrinsic defects in GGAG lattice. It can explain a random behavior of
the 5.3 eV excitation band in respect of other co-dopant impurities.
Furthermore, we consider the excitation spectra of Ce3+ emission in
the crystals studied at energies higher than the energy of excitonic
transitions in GGAG. Already in the 6.0–70 eV spectral range (Fig. 4)
there is an evident difference in the excitation curves among all crystals
studied. Fig. 6 demonstrates the same excitation spectra in the extended
excitation range up to 45 eV. All excitation spectra show the common
behavior. There is excitation intensity degradation at energies just
above the energy of band-to-band transitions reaching minimum value
at about 10 eV. Note, this intensity decrease is sample dependent. The
most precipitous intensity drop is observed in the Sc3+ co-doped
Fig. 5. Cerium LIII-edge XANES spectra of GGAG:Ce, GGAG:Ce,Ca2+ and
GGAG:Ce,Mg2+ single crystals. The spectrum of the CeO2 sample is a reference
for Ce4+ centers.
Fig. 6. The excitation spectra of Ce3+ emission (530 nm) in the GGAG:Ce
crystals at 10 K. The excitation spectrum extended to 800 eV for the GGAG:Ce
non-co-doped single crystal is shown inset.
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crystal, while the spectrum of the Mg2+ co-doped sample is most gently
sloped among all crystals. Afterwards, the excitation intensity is rising
up at energy at about 12–13 eV in all excitation spectra. This energy
range roughly corresponds to the value of 2Eg in GGAG, where Eg is a
band gap energy. It means that the multiplication of electronic excita-
tions (MEE) processes occur. MEE processes’ creation means that two or
more luminescence centers are created per one absorbed photon during
inelastic electro-electron scattering. For a successful realization of MEE
processes, the excitation energy of the photon must exceed a threshold
energy, which is 2Eg [40–42]. If energy of hot electrons is higher, more
secondary electrons can be created and subsequently more lumines-
cence centers can be exited. Fig. 6 (inset) shows the example of the
excitation spectrum of Ce3+ emission in GGAG:Ce under excitation
energy up to 800 eV.
The excitation spectra in Fig. 6 have similar peculiarities in the
spectral range 10–45 eV. However, the excitation intensity differs sig-
nificantly for different crystals. It means that the efficiency of MEE
processes is sample dependent. One of the possible explanations is that
the co-dopant ion can influence a thermalizataion length in the crystals.
The thermalization length is a distance between thermalized geminate
electrons and holes and it depends on several factors. One of them is
fluctuations of electronic states of the conduction band bottom and/or
valence band top [43–45]. Apparently, the introducing of the co-dopant
ions into GGAG lattice can induce some fluctuations in the electronic
states of the crystal that we can see in the excitation spectra in Fig. 4.
These data demonstrate different intensities of the excitation spectra in
the spectral region corresponding to the band-to-band transitions (just
higher the excitonic transitions) confirming our suggestion that co-
doped crystals may have a distinguished thermalization length. Passing
to the region of MEE the tendency remains the same, i.e. the samples
having a higher excitation intensity at low energy range reveal stronger
excitations in the MEE region and vice versa.
On the other hand, all single crystals studied in current research
have some amount of intrinsic defects, some of them are responsible for
the 5.3 eV excitation band. We suggest that these defects are efficient
traps for hot charge carriers that leads to the diminishing of MEE
processes, and, subsequently plays a negative role in scintillation per-
forming. Furthermore, Figs. 4 and 6 show the anti-correlation of the
MEE efficiencies and the intensities of the 5.3 eV excitation band, which
is a defect related band as we supposed above. Indeed, the best ex-
citation efficiency is observed in the Mg2+ co-doped crystal which has
the smallest defect related excitation band at 5.3 eV. Moreover, it was
established before that Mg2+ co-doping is effective for removing
shallow electron traps due to oxygen vacancies or gallium deficiency
[38]. It is supposed that the introducing of Mg2+ co-dopants into GGAG
lattice suppresses intrinsic defects in question and can improve the ef-
ficiency of MEE processes and subsequently the scintillating perfor-
mance of the GGAG:Ce single crystals.
Conclusions
The luminescence properties of cerium doped as well as co-doped
GGAG single crystals have been investigated by means of the vacuum
ultraviolet (VUV) excitation spectroscopy utilizing radiation from the
undulator beamline (FinestBeaMS) of 3rd generation synchrotron fa-
cility MAX IV. These results were supported by XANES experiments
identifying Ce3+ and Ce4+ centers in the co-doped GGAG crystals. The
pioneering luminescence results have been obtained for the GGAG:Ce
single crystals in VUV and soft X-ray excitation range. It was shown that
GGAG:Ce single crystals having different co-dopant ions reveal dis-
tinguished efficiency of multiplication electronic excitations in VUV
spectral range. Two models were proposed to explain the differences in
the excitation efficiency for the crystals studied. The first one proposes
that co-dopants can influence a thermalization length of geminate
electrons and holes. Another one suggests that intrinsic defects in GGAG
lattice are responsible for the capture of hot charge carriers leading to
the degradation of the excitation efficiency in VUV spectral range. It is
also suggested that the luminescence properties can be improved by the
co-doping of Mg2+ ions suppressing intrinsic defects in GGAG:Ce single
crystals, which are responsible for the excitation band at 5.3 eV as well
as for the capture of hot charge carriers influencing the excitation re-
gion in VUV range and restricting scintillating performance of
GGAG:Ce.
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